We present a comparative multi-wavelength analysis of water maser-emitting regions and non-maseremitting luminous 24 µm star-forming regions in the Andromeda Galaxy (M31) to identify the sites most likely to produce luminous water masers useful for astrometry and proper motion studies. Included in the analysis are Spitzer 24 µm photometry, Herschel 70 and 160 µm photometry, Hα emission, dust temperature, and star formation rate. We find significant differences between the maser-emitting and non-maser-emitting regions: water maser-emitting regions tend to be more IR-luminous and show higher star formation rates. The five water masers in M31 are consistent with being analogs of water masers in Galactic star-forming regions and represent the high-luminosity tail of a larger (and as yet undetected) population. Most regions likely to produce water masers bright enough for proper motion measurements using current facilities have already been surveyed, but we suggest three ways to detect additional water masers in M31: (1) Re-observe the most luminous mid-or far-IR sources with higher sensitivity than was used in the Green Bank Telescope survey; (2) Observe early-stage star-forming regions selected by mm continuum that have not already been selected by their 24 µm emission, and (3) Re-observe the most luminous mid-or far-IR sources, and rely on maser variability for new detections.
INTRODUCTION
Water masers can arise in star-forming regions, in shocks, in stellar atmospheres, and in the vicinity of massive black holes (see reviews by Reid & Moran 1981; Elitzur 1992; Lo 2005) . They can indicate specific physical conditions and provide high brightness temperature sources for precise astrometry and proper motion studies (see review by Reid & Honma 2014) . While water masers' presence and intensity cannot be predicted based on observed conditions in any given physical setting (mostly due to nonlinear amplification of small-scale conditions and anisotropic emission), there is good observational evidence indicating where water masers are most likely to be observed. In the Galaxy, for example, the water maser detection rate toward (ultra)compact H II regions is typically 50% or higher (e.g., Churchwell et al. 1990; Urquhart et al. 2011) .
The utility of water masers for extragalactic proper motion studies has been demonstrated in the Lo-1 Current address: Jet Propulsion Laboratory, M/S 238-600, 4800 Oak Grove Dr., Pasadena, CA 91109, USA; nikta.amiri@jpl.nasa.gov cal Group and in water maser disks associated with massive black holes (e.g., Brunthaler et al. 2005; Humphreys et al. 2013 ). In the Local Group, the masers are associated with star formation and can be used to measure systemic proper motions and proper rotation (also known as "rotational parallax"). This has been done for M33 and IC 10 (Brunthaler et al. 2005, 2007) , but detected water masers were notably absent from the Andromeda Galaxy (M31) until recently (Sullivan 1973; Greenhill et al. 1995; Imai et al. 2001; Darling 2011) . The proper motion of M31 is a key quantity for Local Group dynamics (e.g., Loeb et al. 2005) , and while Sohn et al. (2012) and van der Marel et al. (2012) obtained a constraint on the tangential velocity M31 of ≤ 34.3 km s −1 (1σ) using the Hubble Space Telescope, suggesting a nearly radial Milky Way-Andromeda trajectory, a second completely independent and possibly more precise measurement is worthwhile (Darling 2011; Darling et al. 2016) .
Water masers in M31 have been difficult to find, in large part due to the low distance-dimmed flux density and due to the large areal size of the molecular disk: the disk is too large in angular size and the masers are too faint to simply map the entire disk in a rea-sonable amount of observing time using current facilities. A Green Bank Telescope (GBT) 1 survey of 506 22 µm-selected regions detected only five water masers (Darling et al. 2016) . The selection method is inefficient, and the survey is barely sensitive enough to detect the most luminous Galactic analog water masers associated with star formation. Given what we know about the star-forming regions in M31 in a pan-spectral sense, we can (1) learn more about how and where luminous water masers arise, and (2) apply this knowledge to identify additional likely sites of water maser emission in M31, improving detection statistics and making future surveys more efficient. Water masers can show significant peculiar motion and variability, so the detection of additional water masers would substantially improve proper motion and rotation measurements of M31 and reduce systematic effects. An enhanced astrometric network of water masers could enable the detection of the apparent expansion of -and thus the measurement of a geometric distance to -M31 as it approaches the observer at −300 km s −1 (Darling 2011 (Darling , 2013 . In this paper, we present a comparative multiwavelength analysis of 22 GHz water maser-emitting and non-maser-emitting 24 µm-luminous star-forming regions in M31. We use WISE, Spitzer, and Herschel 2 infrared continuum maps, maps of derived quantities such as star formation and dust temperature, and archival catalogs to examine the differences between maser-emitting and non-maser-emitting regions, to examine correlations between observable quantities among each population, and to constrain the parameter space most likely to produce detectable water masers. Section 2 summarizes the GBT survey presented in detail in Darling et al. (2016) , Section 3 describes data sources and new measurements, Section 4 refines the sample used in the analysis, Section 5 presents the results of the measurements and data collation, Section 6 examines trends and differences among the masers and non-masing regions, and Section 7 discusses the best approach to identifying new water masers in M31. Section 8 highlights the main findings of this study.
Throughout the manuscript, we assume a distance to M31 of 780 kpc when calculating luminosities from continuum or line flux measurements.
THE GREEN BANK WATER MASER SURVEY OF M31
The water maser candidate selection for the Green Bank Telescope (GBT) survey for water masers in M31, the observing methods, data reduction, and results are presented in Darling (2011) and Darling et al. (2016) . In summary, we selected bright point sources from the Spitzer 24 µm map of M31 (Gordon et al. 2006) , and constructed a catalog of 506 objects from the brightest down to a point where most of the 24 µm emission becomes extended at about 4 MJy sr −1 (Figure 1 , top). The compact 24 µm sources in M31 are likely associated with star-forming regions; strong water masers are known to arise in H II regions in the Galaxy (e.g. Walker et al. 1982) , and H 2 O maser luminosity correlates with far-infrared (FIR) luminosity in Galactic star-forming regions as well as in star-forming galaxies (Felli et al. 1992; Castangia et al. 2008) .
We observed the 6 16 − 5 23 22.23508 GHz ortho-water maser line toward the 506 24 µm-selected regions in late 2010, late 2011, and early 2012 (Darling 2011; Darling et al. 2016) . Spectra were smoothed to 3.3 km s −1 channels, reaching an rms noise of ∼3 mJy in individual spectra and 0.17 mJy in a spectral mean stack of 299 objects aligned to the CO velocity (Nieten et al. 2006) . Five water masers were detected (Darling 2011) , and the detection rate after removing planetary nebulae and giant stars from the sample was 1.1(0.5)% (see Section 4.1 and Darling et al. 2016) . The full details of the results of water maser observations, including the results of NH 3 (1,1), NH 3 (2,2), and H66α observations, are presented in Darling et al. (2016) . In this paper, we use multi-wavelength data to investigate the physical and observed properties of water maser-emitting regions and to compare them to non-maser-emitting regions to understand where the water masers arise and how to detect additional water masers in M31.
3. MULTI-WAVELENGTH PHOTOMETRY AND DERIVED PROPERTIES 3.1. Data Sources Table 1 summarizes the archival data used in the M31 water maser study, split into sources of photometry (Hα, mid-and far-IR) and derived quantities (dust temperature and star formation rate [SFR] ). Figure 1 shows 24 µm, 70 µm, 160 µm, and star formation rate maps of M31, and Figure 2 shows the dust temperature map (Smith et al. 2012) . Both figures show the water masers and the non-detection locations.
Spitzer observations of M31 at 24 µm were performed using the Multiband Imaging Photometer (MIPS) instrument with Point Spread Function (PSF) of 6 ′′ (Gordon et al. 2006) . The map covers an area of approximately 1
• × 3 • oriented along the major axis of M31. The MIPS data analysis tool version 2.9 (Gordon et al. (Gordon et al. 2006) , Herschel 70 µm, Herschel 160 µm (Bruno Altieri, priv. comm.) , and star formation rate (Ford et al. 2013) . Cyan circles show the 457 star-forming regions observed with the GBT (Darling et al. 2016) . The circles are to scale, showing the 33 ′′ (125 pc) FWHM beam. Red crosses indicate the location of the five detected water masers in M31 (Darling 2011) . T dus t (K ) Figure 2 . Dust temperature map of M31 (Smith et al. 2012) . Black circles show the 457 star-forming regions observed with the GBT (Darling et al. 2016) . The circles are to scale, showing the 33 ′′ (125 pc) FWHM beam. Red crosses indicate the location of the five detected water masers in M31 (Darling 2011). 2005) was used to produce the final mosaic map at 24 µm.
We obtained the Herschel maps of M31 at 70 µm and 160 µm from the public data of the Herschel archive (Pilbratt et al. 2010; Poglitsch et al. 2010) . The maps were re-processed by Bruno Altieri (ESA; private communication) with unimap map-maker (Piazzo 2013 ).
The observations were performed using the Photodetector Array Camera and Spectrometer (PACS) instrument. Full details of the observing strategy can be found in Groves et al. (2012) . The maps cover an area of roughly 1
• ×3
• . The FWHM angular resolution of the 70 µm and 160 µm maps is 5.6 ′′ and 11.4 ′′ , respectively. Smith et al. (2012) constructed the dust temperature map of M31 via pixel-by-pixel analysis of Spitzer and Herschel maps in the wavelength range 70-500 µm. All of the maps were convolved to the resolution of Herschel 500 µm map that has the largest FWHM resolution (36 ′′ ). The dust temperature for each pixel was measured by fitting a FIR through submillimeter spectral energy distribution with a single-temperature modified blackbody model:
2 , where κ ν is the dust absorption coefficient described by a power law with dust emissivity index β such that κ ν ∝ ν β , M dust is the dust mass with dust temperature T dust , B(ν, T dust ) is the Planck function, and D is the distance to the galaxy. The estimated uncertainty in the dust temperature is 1.4 K. The dust temperature was measured where the fluxes in all six bands (five Herschel and MIPS 70 µm) had a signal-to-noise ratio greater than 3σ.
The total star formation rate map of M31 (dustobscured and unobscured) was constructed from the GALEX FUV and Spitzer 24 µm maps by Ford et al. (2013) . The contribution from the giant stellar population at 24 µm was removed using the IRAC Spitzer 3.6 µm band (see also Section 4.1).
We also used the optically identified H II region catalog of Azimlu et al. (2011) for this study. Azimlu et al. (2011) used the data from the Nearby Galaxies Survey of Massey et al. (2006) , which includes Hα and R-band mosaics of ten overlapping fields across the disk of M31. Azimlu et al. (2011) identified 3961 H II regions above a 10σ Hα flux limit of 10 −16 erg cm −2 s −1 . Finally, we obtained Wide-field Infrared Survey Explorer (WISE) maps of M31 at 3.4 µm (Figure 3 , top) and 22 µm from the NASA/IPAC Infrared Science Archive 3 . WISE mapped the sky in four bands at 3.4, 4.6, 12, and 22 µm with an angular resolution of 6.1 ′′ , 6.4 ′′ , 6.5 ′′ , and 12.0 ′′ , respectively (Wright et al. 2010 ).
3 http://hachi.ipac.caltech.edu:8080/montage
Photometry
Photometric measurements at 24 µm, 70 µm, and 160 µm were performed using the Aperture Photometry Tool (APT, Laher et al. 2012) . The point spread function (PSF) FWHM of the 24 µm, 70 µm, and 160 µm images is 6 ′′ , 5.6 ′′ , and 11.4 ′′ , respectively, and the pixel size is 1.24 ′′ , 3.2 ′′ , and 6.4 ′′ . We select aperture radii of 6.2 ′′ , 6.4 ′′ , and 6.4 ′′ . We chose similar aperture sizes at all wavelengths in order to match physical sizes in the photometry.
We performed aperture photometry on the SFR map using an aperture radius of 6 ′′ . The dust temperatures were obtained from the dust temperature map at each 24 µm source position (Figure 1 ). Five regions did not meet the 3σ dust temperature threshold (Section 3.1) and were therefore omitted from the analysis sample (Section 4).
Due to crowding in the molecular ring, estimation of the local background is difficult. We subtract a local non-annulus sky background using the default "Model F" algorithm in the APT that estimates the sky background using bilinear interpolation of the mode statistic. This model has been suggested for photometry in crowded fields (Laher et al. 2012) .
Although re-scaling all maps to the largest resolution of 11.4
′′ at 160 µm would be appropriate to obtain photometry over a uniform physical scale, we chose to perform photometry at the original resolution of the maps. This is due to the fact that the resolution of 24 µm, 70 µm, and SFR maps are similar and in the range 5.6
′′ -6 ′′ . Since the objects are in a crowded field, re-scaling the maps to a larger resolution would lead to (additional) confusion.
We obtained the encircled energy fraction (EEF) for the Herschel images from the PACS Photometer PointSource Flux Calibration document 4 ; the estimated aperture correction factor (1/EEF) for aperture radii of ∼6.4 ′′ (70 µm) and ∼6.4 ′′ (160 µm) corresponds to ∼1.56 and 2.6, respectively. For the 24 µm map, we adopt an aperture correction factor of ∼1.61 for the 6 ′′ aperture radius 5 . The uncertainties assigned to the measured photometric flux densities correspond to the standard deviation of the photometric flux of a large number of blank sources in each image. We obtain aperture photometric flux for 50 blank sky locations and measure the standard deviation of the photometric flux of the blank sources; this gives a good measure of the true photometric error of the 4 http://herschel.esac.esa.int/twiki/pub/Public/ PacsCalibrationWeb/pacs_bolo_fluxcal_report_v1.pdf Note-The integrated H2O maser flux densities and luminosities were obtained from Darling (2011) . Parenthetical values indicate 1σ statistical uncertainties. The 1σ uncertainties for photometric flux densities and SFR indicate statistical uncertainties for images with high signal to noise ratios, but the systematic uncertainties are likely to be higher.
targets. The estimated 1σ uncertainties in the 24 µm, 70 µm, and 160 µm maps correspond to 1.16×10 −4 , 0.0168, 0.0186 Jy, respectively. The 1σ uncertainty for star formation rate corresponds to 1.2×10 −7 M ⊙ yr −1 . The 1σ uncertainties for photometric flux densities and SFR represent statistical uncertainties for images with high signal to noise ratios, and the systematic uncertainties are likely to be higher. Measured flux densities and SFR for the water maser and non-maser sample regions are shown in Table 2 and Table 3 , respectively.
The multi-wavelength data used in this work were obtained at different resolutions. While the resolution of the Spitzer and Herschel maps ranges from 5.6
′′ to 11.4
′′ , the resolution of the dust temperature map is ∼36
′′ based on the resolution of Herschel maps at longer wavelengths (e.g., 500 µm, Smith et al. 2012) . Additionally, the crowded field and the large PSF of Spitzer and Herschel maps (5.6 ′′ -11.4 ′′ ) may introduce contamination from nearby or confused sources (e.g., Calzetti et al. 2005) . Note- Table 3 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content. Parenthetical values indicate 1σ statistical uncertainties. The uncertainty in T dust is 1.4 K (Smith et al. 2012) . The 1σ uncertainties for photometric flux densities and SFR indicate statistical uncertainties for images with high signal to noise ratios, but the systematic uncertainties are likely to be higher.
Optical Counterparts
We cross-matched the GBT survey sample with the Azimlu et al. (2011) catalog of Hα flux-limited optically identified H II regions. We identified 346 Hα counterparts in the non-maser catalog using a positional uncertainty of 10 ′′ . We also found four (out of five) Hα counterparts in the water maser sample. The Hα fluxes for the water maser and non-maser sources are listed in Table 2 and Table 3 , respectively.
THE STUDY SAMPLE
Not all objects in the GBT survey are H II regions, and not all H II regions in the survey are detected or measured in all properties used in the comparative analysis of maser-and non-maser-emitting regions. Here we present the process used to exclude planetary nebulae and giant stars from the sample (also excluded from the detection statistics presented in Darling et al. 2016) , and we present the reduced study sample that has measurements of all quantities presented in Tables 2 and 3.
Planetary Nebulae and Stellar Populations
Although star forming regions emit strong 24 µm emission, they are not the only luminous 24 µm sources in M31. There are sources which emit significant 24 µm emission and are not associated with star forming regions, and these sources must be removed from the original sample of 506 sources.
Planetary Nebulae (PNe) can emit strong infrared radiation at 24 µm and may represent a small fraction of the source sample. Merrett et al. (2006) present the results of a survey of 3300 emission line sources in M31 observed with the Planetary Nebulae Spectrograph. After removing the extended emission from HII regions and background galaxies, they identify 2615 PNe candidates in M31. We cross matched our source list with the catalog of PNe and identified nine PNe candidates in our sample and removed them from the rest of the analysis (Table 4) .
The giant stellar populations in M31 can also produce significant 24 µm emission. Red supergiants and asymptotic giant branch (AGB) stars show strong 3.4 µm emission that originates in thick circumstellar shells (e.g. Barmby et al. 2006; Mould et al. 2008) . In a recent study of dust heating in M31 using Herschel data in the wavelength range 70-500 µm, Groves et al. (2012) find that "old" stellar populations (of Gyr age) can emit significant infrared radiation. Ford et al. (2013) determine the effect of these stars on the apparent star formation rate from 24 µm map by measuring the ratio of α = I 24 /I 3.4 in regions where there is no active star formation, where I 24 and I 3.6 indicate the 24 µm and 3.6 µm intensity. They found significant correlation between 24 µm and 3.6 µm emission in the center of M31 predominantly from giant stars, and use α = 0.1 to remove this component of the total 24 µm emission.
We examine the association of our sample with stellar populations by comparing the flux density of the sample at 3.4 µm to that at 22 µm. Aperture photometry was performed for the sources in the sample on the 3.4 µm and 22 µm WISE maps. We utilized the prescription for photometry described for WISE images in the user's guide to the WISE Preliminary Data Release 6 . We obtained uncertainties in flux densities by performing aperture photometry on 50 blank regions in each map and measuring the standard deviations in aperture photometric flux. The 3σ uncertainties at 3.4 µm and 22 µm are 0.16 and 0.18 mJy, respectively. Figure 3 shows the 22 µm vs. 3.4 µm emission for the sample. The aperture radius of 5.5
′′ was used to measure the flux density at 3.4 and 22 µm. We found that for 35 regions there is a clear separation from the rest of the sample, suggesting that these are giant stars. We impose a 3.4 µm cut at 0.03 Jy to separate giant stars from star-forming regions: giant stars form the more luminous population at 3.4 µm. Table 4 lists these 35 sources identified as giant stars, including their coordinates. We removed these giant stars from the sample, and after removing the nine PNe as well, the final source list includes 462 objects (five of which are maser sources) that are likely to be star-forming regions.
The Detection Sample
We construct a "detection" sample of 320 sources in the non-maser sample that have measured values for all properties for each object. The 24 µm flux densities and SFR were measured for 457 non-maser sources. We measure flux densities at 70 µm above 0.05 Jy (3σ) for 389 sources in the non-maser sample. At 160 µm we obtain flux densities for 447 non-maser sources above 0.06 Jy (3σ). There are 346 Hα counterparts for the nonmaser sample. There are three sources in the non-maser sample with no temperature in the dust temperature map. The intersection of these sets includes 320 regions.
We measure all values for the water maser sample, except for the Hα flux for the source 004409.4+411856.3. Since other properties for 004409.4+411856.3 were measured (Table 2) , we include this source in the analysis. We only removed this object from the water maser sample where Hα flux was involved in the statistics. This includes computing the correlation between Hα and other variables and the Kolmogronov-Smirnov (K-S) test on Hα in the maser and non-maser samples. Below we describe the results of statistical analyses we performed on the water masers and the "detection" sample of nonmaser regions.
5. RESULTS Figure 4 shows the distribution of the 24 µm, 70 µm, and 160 µm flux densities, the Hα flux, the dust temperature, and the star formation rate for the water maser hosts and the non-maser sources in the detection sample, and Figure 5 shows pairwise scatter plots in these quantities. All values used in the following analysis are tabulated in Tables 2 and 3. 6. ANALYSIS The GBT water maser survey of 506 luminous compact 24 µm regions produced five water maser detections. Sensitivity limitations of the observations (∼10 mJy at 3σ) and imperfections in the selection criteria (44 objects were subsequently omitted as likely PNe or giant stars) aside, the low detection rate of 1.1(0.5)% (Darling et al. 2016 ) may indicate that water maser emission favors specific physical conditions in star forming regions in M31. To explore this possibility, we ex- amine the optical, FIR, dust temperature, and star formation rate characteristics of the water maser and nonmaser regions used in the GBT survey. Using two sample K-S tests, correlation statistics, principal component analysis, and survival analysis, we compare the properties of the water maser and non-maser samples. We then examine the FIR-H 2 O maser luminosity relation and the role of star formation in the maser detection rate.
6.1. One-Parameter Tests 6.1.
K-S Tests
We performed non-parametric two-sample K-S tests to examine the differences in properties of the water maser and non-maser regions. The p-values of these tests are listed in Table 5 . The star formation rate and the 24 µm, 70 µm, and 160 µm flux densities have a p-value less than 0.05, suggesting significant differences between the maser-emitting regions and those that do not show maser emission. The dust temperature and Hα emission do not show significant differences. Note that the maser sample is small, and that one of the masers, 004409.4+411856.3, is excluded from the Hα statistic.
Survival Analysis
As discussed section 4.2, some values are listed as upper limits in Tables 2 and 3 , and these objects were excluded from the "detection" sample analyzed above.
Altenatively, upper limits can be included in a survival analysis. We performed two-sample tests to study the difference between the measured (censored) properties of the water maser and non-maser regions using the survival analysis package Nondetections and Data Analysis for environmental data (NADA) 7 implemented in R 8 . The NADA package has been shown to give results appropriate for astronomical data that includes non-detections (Feigelson & Babu 2013) . We used the NADA "cendiff" routine and performed the Peto & Peto two-sample test, which is an appropriate treatment for left-censored data that include upper limits.
There are no dust temperatures for five sources in the non-maser sample, and since one cannot place upper limits on the dust temperature in these cases, these sources were omitted from the survival analysis. Table  6 shows the results of the two-sample test performed on the water maser and non-maser samples. The pvalues indicate the probability that the two samples are drawn from the same distribution. The p-values for the dust temperature, the SFR, and the 24 µm, 70 µm, and 160 µm flux densities show that the water maser and The red circles show the giant star candidates identified in our sample. Plot: 22 µm vs. 3.4 µm flux density for the complete survey sample. Crosses indicate objects identified as giant stars, and filled circles indicate the rest of the sample. The dashed lines show the 3σ detection limit at 3.4 µm and the 5σ detection limit at 22 µm. The vertical dashed-dotted line at 0.03 Jy separates the candidate giant stars from the rest of the sample. . Distribution of the 24 µm, 70 µm, and 160 µm flux densities, the Hα flux, the dust temperature, and the star formation rate for the water maser and non-maser objects. White bars show the water maser hosts and the black bars indicate the non-masers.
non-maser samples are not mutually consistent. The p-value for Hα flux, however, indicates that the water maser and non-maser samples are indistinguishable. These results are similar to the K-S test results for the "detection" sample (Section 6.1.1) for the SFR and the 24 µm, 70 µm, and 160 µm flux densities, suggesting that the censorship on the samples did not significantly affect inferences made based only on the "detection" sample.
Two-Parameter Tests
We performed a correlation analysis of the properties of the water maser and non-maser regions separately. Table 7 lists the Pearson correlation coefficients for the water maser host properties, including the water maser line-integrated flux densities, and Table 8 lists the pvalues associated with Pearson correlation coefficients (the probability that the correlation occurs by chance). Again, the Hα flux of 004409.4+411856.3 is omitted from the analysis, but all other properties of this maser region are included.
Significant correlation exists between SFR, 24 µm, and 70 µm emission because these quantities are all driven by (or tautologically are) star formation. p-values are slightly larger than 0.05 for the correlations between SFR and other star formation-driven quantities, such as 160 µm and Hα emission, most likely due to the very small sample size (see non-maser regions, below). Dust temperature also shows a significant correlation with Hα. Water maser emission (flux) notably shows no significant correlation with any other measured property (but see Section 6.3), which is not surprising given the very small-scale emission regions of water masers that amplify local conditions. The bulk properties of starforming regions, however, may still be predictive of the formation of water masers, even if one cannot predict the luminosity of the emitted masers (Section 6.4). Table 9 lists the Pearson correlation coefficients for the non-maser sample, and Table 10 lists the associated pvalues. All quantities are significantly correlated among the non-maser sample because all of the properties under study are related to star formation in the "detection" sample. Figure 5 shows scatter plots of various pairs of properties for both maser and non-maser samples, focusing on those that show correlation in the water maseremitting regions. The dashed-dotted lines indicate the regions of parameter space where masers are found, and where future surveys might concentrate. The loci are log(24µm) > −2.0, log(70µm) > −0.6, log(SFR) > −5.0, and log(Hα) > −14.0, in the units listed in Tables  2 and 3 . The intersection of all of these limits reduces the sample to 70 sources, including four masers, yielding a detection rate of 5.7(2.8)%.
FIR-H 2 O Maser Luminosity Relation
Previous studies have shown that water masers in the Galaxy are associated with compact bright FIR sources. Jaffe et al. (1981) found that H 2 O maser emission in star-forming regions is associated with 50-100% of the bright Galactic FIR sources and that H 2 O maser luminosities are correlated with FIR luminosities. Felli et al. (1992) found a similar correlation between water maser luminosity and FIR luminosity in Galactic star-forming regions. Extragalactic water masers show a rough correlation between the water maser luminosity and FIR luminosity Castangia et al. 2008) , although water megamasers and kilomasers appear to follow different correlations: for a given FIR luminosity, water kilomasers are sub-luminous compared to masers emitted from Galactic star-forming regions, and water megamasers appear to be slightly over-luminous.
Since the M31 water masers in principle represent analogs to the high end of the Galactic water maser luminosity distribution, it is useful to compare the FIR-H 2 O luminosity relation for water masers in M31 to Galactic and Extragalactic water masers. The infrared luminosity of star-forming regions in M31 can be calculated using Equation 4 in Dale & Helou (2002) that describes the total infrared (TIR) luminosities of galaxies in the range 3-1100 µm:
L T IR = ζ 1 νL ν (24 µm)+ζ 2 νL ν (70 µm)+ζ 3 νL ν (160 µm),
(1) where [ζ 1 , ζ 2 , ζ 3 ]= [1.559, 0.7686, 1.347] for z = 0, and ν is the frequency in Hz. Dale & Helou (2002) explain that Equation 1 matches the model bolometric infrared luminosity to better than 1% at z = 0. It is therefore reasonable to assume that the TIR and bolometric luminosities of the water maser and non-maser samples can be obtained from Equation 1. We convert the flux density values at 24 µm, 70 µm, and 160 µm in Tables  2 and 3 to specific luminosities assuming a distance of 780 kpc (L ν = 4πD 2 S ν ) and then calculate L T IR . Tables 2 and 3 show the TIR luminosities for the maser and non-maser samples, respectively (for the non-maser sample, L T IR is only calculated for the 387 sources that are detected in all three FIR bands). Figure 6 shows the distribution of the TIR luminosity of the water maser and non-maser sources in the M31 survey. Table 2 also lists the isotropic H 2 O maser luminosities obtained from Darling (2011) . Figure 7 shows the H 2 O-FIR (or -TIR) luminosity relation for Galactic and extragalactic water masers. The water masers in M31 are clearly consistent with the Galactic relation obtained by Jaffe et al. (1981) and overlap the high-luminosity tail of the Galactic distribution. This result suggests two things: (1) the M31 water masers do indeed seem to be analogs to the high- luminosity tail of the Galactic water maser distribution, suggesting that what is known about Galactic water masers can be applied to those in M31, and (2) a more sensitive survey of IR-luminous regions in M31 is likely to detect more water masers.
The Maser Detection Rate
The luminosity of the water masers in M31 seems to follow the same relationship with the FIR luminosity as do masers in the Galaxy and in other galaxies, but is the detection rate of water masers in line with the Galactic rate, scaled to the luminosity sensitivity of the GBT water maser survey?
In a survey of massive young stellar objects (MYSOs), compact HII regions, and ultra compact HII re- log(160 µm) 1.9 × 10 −4 log(Hα)
gions selected from the Red MSX Survey (RMS), Urquhart et al. (2011) obtained an overall detection rate of ∼ 50%, but demonstrated a strong correlation between the H 2 O maser detection rate and the bolometric luminosity. In order to compare this result to the M31 maser detection rate, we restrict the Urquhart et al. (2011) sample to the GBT luminosity sensitivity, L H2O ≥ 4.4 × 10 −4 L ⊙ , and re-calculate the detection statistics as a function of bolometric luminosity. Figure 8 shows this censored Galactic detection rate that can be directly compared to the M31 detection rate.
Due to the small sample size and the fact that the detection rates for some luminosity bins correspond to zero or one, the standard binomial confidence interval that relies on the central limit theorem is not applicable. Instead we estimate the error bars using Wilson's score interval (Wilson 1927) : (Jaffe et al. 1981) , and the dashed lines show the relation for megamasers and kilomasers Castangia et al. 2008) . Crosses mark the water masers in M31, the open squares indicate extragalactic H2O megamasers and kilomasers obtained from Table 4 of Henkel et al. (2005) and references therein, filled diamonds indicate kilomasers associated with star formation in nearby galaxies (Darling et al. 2008) , and open circles mark FIR luminosities and H2O maser luminosities for Galactic water masers obtained from Urquhart et al. (2011) . Representative error bars indicate 1σ uncertainties associated with the water masers in M31.
where z indicates the 1 − α/2 percentile of a standard normal distribution,p is the estimated detection rate, and n is the number of samples. For a 95% confidence interval, 1−α/2 = 0.975 and z = 1.96. An unconstrained least-squares fit to the non-zero data points for RMS sources obtains the following relationship:
which is plotted in Figure 8 .
The filled circles in Figure 8 indicate the detection rate for the GBT M31 water maser survey. The detection rates in the two luminosity bins are 0.004 −0.28 , respectively. The number of water masers in these luminosity bins is 11 and 5, whereas the number in the corresponding M31 bins is 1 and 4. Due to the small number of detected masers, these detection rates have large uncertainties, and the higher luminosity bin rates are statistically consistent between the two surveys (we omit from this statement the M31 bin that has a single maser). The M31 water maser detection rate thus does not significantly differ from the Galactic rate, although this is a statement more about poor statistics rather than about the nature of the masers in M31.
DISCUSSION
Water masers associated with star forming regions are known to trace shock regions in the outflows from both high mass and low mass young stellar objects (YSOs, Honma et al. 2005; Goddi et al. 2006; Moscadelli et al. 2006 ). VLBI observations often indicate water masers trace disks and outflows (e.g. Seth et al. 2002) . The most powerful masers in the Galaxy are associated with water masers in high-mass star-forming regions and flux densities of more than 10 4 Jy have been observed during maser flares (e.g., W49N) (e.g., Liljestrom et al. 1989 ). The water masers in M31, therefore, may show both offset velocities and significant variability, both of which may frustrate detection and proper motion studies.
Water Maser Surveys in the Galaxy
Water masers in the Galaxy have been observed toward ultra-compact HII (UCHII) regions and bright FIR sources. UCHII regions are small photoionized nebulae that are associated with earliest stages of massive star formation. Churchwell et al. (1990) surveyed a sample of bright IRAS FIR color-selected UCHII regions and detected water masers brighter than 0.4 Jy toward ∼ 67% of the sources. Several other surveys have been performed toward known UCHII regions in the Galaxy. For example, Palla et al. (1991) obtained an overall detection rate of 17% using a 5 Jy detection limit (3σ), Codella et al. (1995) detected only 7% with a 6 Jy limit (3σ), and Kurtz & Hofner (2005) detected 55% using a 0.34 Jy sensitivity (3σ). The variable detection rates are due to selection criteria and sensitivity limitations (see Kurtz & Hofner 2005 , for a detailed discussion).
A catalog of 300 extended green objects (EGOs) were identified from the Spitzer Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) project (Cyganowski et al. 2008) . EGOs may represent massive young stellar objects still embedded in their infalling envelopes. They were identified based on their extended 4.5 µm ("green") emission that likely traces shocked molecular gas from protostellar outflows. A survey of water masers in 94 northern EGOs showed a water maser detection rate of 68% for a median rms sensitivity of ∼0.11 Jy (Cyganowski et al. 2013) . Walsh et al. (2011) performed a water maser survey of 100 deg 2 of the southern galactic plane using the Mopra Radio Telescope with rms noise of 1-2 Jy. They found 540 water masers, of which 340 are new detections. Based on the comparison of Galactic latitude distribution of the newly detected water masers with starforming regions, they estimate at least 90% of the new detections originate in high-mass star-forming regions.
Evolutionary Stage of Water Masers
The evolutionary stage of water masers and which phase of massive star formation supports maser emission has been a topic of debate.
Recently, Sánchez-Monge et al. (2013) studied the water maser and 22 GHz continuum emission of 194 southern massive star forming regions. They classified MYSOs based on the evolutionary scheme proposed by Molinari et al. (2008) into three types, in order of increasing age:
• Type 1: Millimeter only sources. They are mainly high-mass protostars embedded in dusty clumps
• Type 2: Millimeter plus infrared sources. These objects are mainly zero age main sequence (ZAMS) OB stars with compact HII regions, but still embedded in dusty clumps.
• Type 3: Infrared-only sources. These objects are more evolved ZAMS OB stars surrounded by remnants of their parental clouds and contain extended and less dense HII regions.
Water masers were found to be mainly associated with Type 1 (13%) and Type 2 (26%) objects. Only 3% of Type 3 sources showed water masers. Sánchez-Monge et al. (2013) indicate that their results are consistent with evolutionary schemes (e.g., Breen et al. 2010) where water masers appear at the early stage of massive star formation, co-exist with HII regions and disappear while HII regions are still observable.
The bright 24 µm sources selected for the GBT M31 water maser survey belong to Type 2 and Type 3 classes. Sánchez- Monge et al. (2013) obtained an overall H 2 O maser detection rate of 12% for Type 2 and Type 3 objects based on a single maser component sensitivity of ∼2 Jy (5σ). Since 350 sources in the GBT survey are optically identified HII regions in the Azimlu et al. (2011) Hα catalog, the GBT survey selection method may include many objects that are least likely to produce water masers (Type 3 objects). A more favorable means to detect water masers in M31 may be to select objects that show both mid-IR and mm continuum emission (Type 2 objects; see below).
Among the 457 non-maser sources, 346 objects have Hα counterparts. The 111 objects with no Hα identification either have low Hα luminosity because they are in an early stage of star formation or they are highly obscured (or both). Among the five masers, one shows no Hα emission, so the fraction of masers without Hα emission is in agreement with the fraction among the non-masers: 20 +22 −12 % versus 24 ± 2%, respectively. To identify possible maser sites that may be have been omitted from the GBT survey, we examined the 24 µm Spitzer map and the optically selected Azimlu et al. (2011) HII region catalog. We find at most 10 sources that show a strong correspondence between Hα and 24 µm emission that had not been selected for the GBT water maser survey. Assuming the most optimistic maser detection rate of 26% (Type 2 objects) in the Sánchez- Monge et al. (2013) survey, and taking into account the poorer luminosity sensitivity of the GBT survey, we would expect to find less than one additional maser in M31. This implies that we have likely detected the majority of water masers in M31 at the GBT survey sensitivity.
In order to increase the number of water masers detected in M31, one would like to perform water maser surveys of bright millimeter sources. The GBT surveys Darling (2011); Darling et al. (2016) targeted compact 24 µm sources in M31, which is associated with dusty molecular clouds and presumably star-forming regions. While this selection criterion includes a large fraction of active star forming regions in M31, it does not necessarily include all MYSOs embedded in dusty clumps that are only detectable at millimeter wavelengths (Type 1 objects) that show a 13% detection rate (Sánchez-Monge et al. 2013) . Currently, there is no published millimeter continuum map of M31 available for a water maser survey focused on the earliest stages of star formation.
Comparison to Theory
High resolution observations of water masers in star-forming regions indicate that water masers are associated with shocks (e.g. Goddi et al. 2011; Moscadelli et al. 2011) . Hollenbach et al. (2013) present a theoretical model where water masers occur behind shocks with pre-shock densities in the range ∼ 10 6 -10 8 cm −3 . High velocity dissociative J shocks (V s 30 km s −1 ) maintain a sufficient column of gas with temperatures (∼300-400 K) heated by re-formation of H 2 to enable maser action. In this scenario a planar disk or slab with diameter 2ℓ (along the line of sight) and thickness d (perpendicular to the line of sight) maintains a large velocity coherent path length for maser action behind shock front. The aspect ratio of the maser geometry is defined as the radio of the path length to the maser spot size: a = 2ℓ/d. Using this model, Hollenbach et al. (2013) relate the observed maser parameters including the brightness temperature, luminosity, and maser spot size to the physical properties of the shock region.
For the five water maser complexes in M31, the size of maser spots and their brightness temperatures are unknown, and may remain unknown even with VLBI observations (the maser spot size is expected to be smaller than the best possible ground-based angular resolution). Also, observational determination of the shock velocity is not straightforward: proper motion measurements are required to determine the shock velocity of the gas, but this does not necessarily directly relate to the shock velocity (Hollenbach et al. 2013) . The maser luminosities, however, can be measured and compared to theory.
The observed luminosities of individual maser lines in M31 (Darling 2011) can be used to investigate the properties of the shock regions. The luminosities of the water masers in M31 are in the range 3.2 × 10 −4 L ⊙ to 1.9 × 10 −3 L ⊙ . Hollenbach et al. (2013) show that the isotropic water maser luminosity of maser spots ranges from 3 × 10 −7 L ⊙ to 10 −5 L ⊙ for aspect ratio a = 10 and pre-shock densities of ∼ 10 6 -10 8 cm −3 . Since luminosity scales with aspect ratio as a 3 , aspect ratios of ∼30-180 are required to achieve the observed isotropic luminosities of water masers in M31. Similarly, Hollenbach et al. (2013) examine the brightest maser spot in W49N (L iso = 0.08 L ⊙ ) and conclude that an aspect ratio of a ≥ 200 is needed to produce the observed isotropic luminosity. Alternatively, high aspect ratios can arise from the alignment of two maser-producing regions (Deguchi & Watson 1989; Elitzur et al. 1991) . Clearly, the M31 water masers are exceptional, but they are consistent with the high-luminosity tail of the Galactic distribution.
The M31 water maser detection rate is 1.1(0.5)% (Darling et al. 2016) . If all surveyed regions are producing masers, then the observed fraction C of maseremitting regions indicates the maser emission angle: C ∼ sin θ em (Hollenbach et al. 2013 ). Since it is more likely that only a fraction of the observed regions are producing masers, this becomes a lower bound on the maser emission angle: θ em ≃ 1/(2a) 0.6
• . This implies an aspect ratio a 45, which is generally reasonable, but excludes the more extreme aspect ratios required by the high maser isotropic luminosities. The resolution of this tension likely lies in the fact that we are not detecting individual maser spots in M31, and therefore the isotropic luminosity of the maser spots is lower than we have inferred from single dish observations.
CONCLUSIONS
The multi-wavelength data used in this work enabled a comparative study of the properties of water maser-emitting regions and non-maser-emitting regions in M31. An enhanced network of water masers in M31 would enable precise proper motion and the proper rotation measurements of M31, but there do not seem to be many additional water masers to be found in the star-forming regions of the galaxy at the current survey sensitivity. We suggest three ways to detect additional water masers in M31:
1. Re-observe the most luminous mid-or far-IR sources with higher sensitivity than was used by the GBT. The known water masers in M31 represent the most luminous tail of the distribution, and improving a survey's sensitivity by a factor of a few should produce an order of magnitude more maser detections. The caveat with this approach is that these masers may not be bright enough for proper motion measurements using the sensitivity of current facilities.
2. Observe early-stage star-forming regions selected by mm continuum that have not been selected by their 24 µm emission. The detection rate among such a sample will be low, but the mm continuum selection offers a means to detect additional very luminous water masers that were missed in the GBT survey.
3. Re-observe the most luminous mid-or far-IR sources, and rely on maser variability for new detections. Masers are highly variable and short-lived, so among a sample of ∼500 regions, newly luminous masers are a strong possibility over time baselines of 5-10 years.
In summary, this work demonstrated that:
• Water masers are associated with the highest star formation rate regions in M31, and a good detection strategy is to focus on the most luminous regions in any star formation proxy (mid-and far-IR or Hα luminosity).
• The water masers in M31 are consistent with being analogs to water masers in Galactic star-forming regions and represent the high-luminosity tail of a larger (and as yet undetected) population. What is known about Galactic water masers can probably be applied to the water masers in M31. 
